Introduction

Five-coordinate oxo-molybdenum compounds with formula [MoOX 4 ]
− and d 1 electron configuration are model compounds [1] which have attracted a great deal of attention over the years mainly because of two reasons: 1) they have played a key role in the proper understanding of the chemical bond between the oxo ligand and the metal center [2] and 2) because of their relevance to various Mo-containing enzymatic systems operating as oxotransferases and hydroxylases [3] . In any case, the X ligands under consideration have always been typical (σ+π)-donors, such as halogens or thiolates. The properties of homologous compounds with the MO 3+ unit being located in a coordination framework of σ-only ligands are virtually unknown [4] .
Here we report on the characterization of five-coordinate [MOR 4 ] − oxo-derivatives for the heavier Group 6 metals with R being the bulky perfluorophenyl group, C 6 F 5 , which acts mainly as a σ-donor ligand. The magnetic properties of these open-shell derivatives, 1-Mo and 1-W, have been studied by a combination of spectroscopic (EPR), calorimetric and magnetochemical techniques.
Experimental Results
EPR measurements. The room-temperature EPR spectra of fluid solutions of both compounds consist of dominant isotropic lines symmetrically flanked by less-intense, equally spaced signals (six for Mo and two for W) due to hyperfine interaction with magnetic nuclei: 95 Mo and 97 Mo, both with I = 5/2 and 15.9%, 9.6% natural abundance, respectively, and 183 W, I = 1/2, 14.3% natural abundance. The EPR spectra observed in frozen solutions (Figure 1 .a) indicate anisotropic, nearly axial g-tensors with the following principal values: g || = 2.002(1) and g ⊥ = 1.974(1) for Mo, and g || = 1.995(3) and g ⊥ = 1.892(2) for W. The pattern in the parallel features denotes hyperfine interaction with I ≠ 0 nuclei.
In the room-temperature EPR spectra of polycrystalline-powder samples (Figure 1 .b) no evidence of hyperfine structure is found. Both spectra show anisotropic electron Zeeman interactions which are clearly resolved in Q-band measurements (not given). Lower g-tensor anisotropy is observed by comparison with the frozen-solution spectra. Moreover, the hyperfine interaction in the bulk samples, if present, is significantly lower than in the separate molecules. These features strongly suggest the existence of intermolecular interactions that delocalize the spin among neighbor magnetic sites. Heat capacity measurements. The thermal evolution of the heat capacity of polycrystalline powder samples was measured under various applied magnetic fields, 0 ≤ H ≤ 25 kOe. The data for 1-Mo are given in Figure 2 .a. Similar results are found for 1-W. The magnetic contribution to the heat capacity, C M /R, is obtained by subtracting the lattice contribution modeled by C L /R = aT 3 . In the absence of any applied magnetic field, it increases as the temperature decreases. Although no sign of long-range ordering was detected (T > 0.35 K), the observed magnetic heat capacity may be associated to the high-temperature tail due to short-range correlation. system. Considering the low anisotropy of the g-tensor, a simple Brillouin function can be safely used to describe the isothermal evolution of the magnetization of non-interacting paramagnetic entities against the applied magnetic field [5] . However, the predicted evolution calculated in this way (dashed line in Figure 3 .b) lies slightly under the experimental values, which denotes the existence of a weak ferromagnetic interaction between the paramagnetic entities. In such a case, the magnetization dependence on the magnetic field is given by:
( 1) where a modified Brillouin function is defined as:
B´S being the derivative of the Brillouin function, B S . A detailed derivation is given in reference [5] . Solid line in Figure 3 .b shows the calculated evolution of the magnetization using equation (1) with the parameters derived from the analysis of the thermal dependence of the magnetic susceptibility (Figure 3.a) . It gives a satisfactory fitting to the experimental data.
Structural characterization. Crystals of the [NBu 4 ][MO(C 6 F 5 ) 4 ] salts of the heavier Group 6 metals, 1-Mo and 1-W, are isomorphic and isostructural with those of the lighter metal, 1-Cr [5] . In all cases, the crystal lattice is formed by alternating layers of cations and anions. The metal centers Solid State Phenomena Vol. 257 225 are located in regular square-pyramidal coordination environments with the oxo ligand occupying the axial position. Thus, the paramagnetic (d 1 ) MO 3+ units are placed within an organic framework of near tetragonal symmetry defined by the four basal C-donor atoms of the C 6 F 5 groups, which are hard ligands of mainly σ-donor character.
The square-pyramidal [MO(C 6 F 5 ) 4 ] − anions show weak intermolecular contacts between metaand para-C atoms of neighboring and roughly parallel C 6 F 5 rings (interplanar angle ~10°). We consider these weak π-π interactions as the most likely path to explain the interactions between individual magnetic centers that become noticeable at very low temperatures.
Discussion.
The − units in the crystal are responsible for these magnetic interactions between the paramagnetic centres.
Summary
The electron-withdrawing C 6 F 5 group is able to stabilize the MO 3+ unit in the [MO(C 6 F 5 ) 4 ] − anions for all Group 6 metals (M = Cr [5] , Mo, W). The bulkiness of the perfluorophenyl group provides efficient shielding to the MO 3+ unit -both chemical and magnetic. Only at very low temperatures it is possible to detect the existence of weak magnetic interactions between the individual paramagnetic centres. The strength of these interactions is observed to decrease down the Group: Cr > Mo > W.
